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1. Introduction

A properly designed OFDM system turns a dispersive, fading channel into a flat-fading channel making advanced time-domain equalizers obsolete. However, along with the implementation advantage associated with this property comes the risk of losing the frequency diversity offered by the channel. As opposed to a single-carrier system (for which a well-designed equalizer captures the available frequency-diversity in the channel) an OFDM system must invoke specific means to reach the higher-order diversity performance that the radio environment offers.

This is well recognized in the literature on OFDM and one accepted means of capturing the channel’s frequency diversity is to “code across the tones”. As was shown in [1], this approach captures the available frequency diversity provided that the code’s diversity order is larger than the channel’s frequency diversity order. In a multiuser OFDM system, a single user uses during each OFDM symbol interval just a part of the total available spectrum. It makes an opportunity for an additional time-frequency interleaving that, in combination with existing HS-DSCH interleaving of data bits and constellation mapping, can also capture the potential frequency diversity gain of the channel.

In this contribution we present simulation results illustrating the importance of properly designed mapping and interleaving patterns for the diversity performance of the OFDM system. In Section 2 we present the simulation scenario. In Section 3 the performances of several time-frequency mapping patterns are shown. The OFDM symbol time-domain interleavers are introduced in Section 4. Section 5 concludes the paper.

2. Simulation scenario

Fig.1 illustrates the overall transmitter processing chain for the HS-DSCH [2]. 
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Fig.1. HS-DSCH transmitter processing chain (as Figure 16 in [2]).
In this document we focus on aspects of the final part of the transmitter processing chain: the mapping of constellation symbols onto the OFDM physical channels.

We investigate an OFDM system with the parameters described in [3]. A transmission time interval (TTI) of 2 ms consists of 12 consecutive OFDM symbol intervals. We shall assume that the whole OFDM band, containing 705 orthogonal subcarriers, is divided into 15 sub-bands (corresponding to 15 codes, i.e. 15 PhCH in HSDPA), as it is proposed in [4]. A single user uses during a TTI just 1/15 of the total available aggregate resources, meaning that it might be possible to have up to 15 concurrent users.
Each sub-band and each OFDM symbol interval constitute together an OFDM symbol, containing 47 adjacent subcarriers. Each OFDM symbol carries 40 constellation symbols, because 7 of the 47 subcarriers are reserved for pilot transmission or signalling. In each OFDM symbol interval at most 15 parallel OFDM symbols can be transmitted. Note that this definition of OFDM symbol in a multiuser OFDM system is a generalisation of the usual definition of OFDM symbols, where each OFDM symbol uses the whole available spectrum.

The total number of constellation symbols that can be transmitted during 1 TTI (the aggregate physical resources of a TTI) is thus 8460 (705x12). We assume that 14.8% of aggregate physical resources (105 subcarriers in each of the 12 OFDM symbols) is reserved for signalling and pilot information. Therefore, 7200 complex symbols remain for data transmission, the same as in HSDPA where 15 orthogonal codes can carry 480 constellation symbols each. In order to be compatible with HSDPA, we shall assume that 480 constellation symbols are mapped into the OFDM symbols during a single TTI (12 OFDM symbols x 40 subcarriers).

We assume that each UE employs a full FFT and thus demodulates all the subcarriers in the OFDM band.

Examples of time-frequency mapping patterns that are used to map OFDM symbols of a single UE onto the time-frequency grid of the OFDM band, are shown in Fig.2.
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Fig.2. Three examples of time-frequency mapping patterns.

In T-F Mappings A and C all the 12 OFDM symbols are put in a single dimension, either time or frequency. The T-F mapping B is two-dimensional, where the OFDM symbols are distributed on time-frequency grid according to so-called linear congruence pattern.

The advantage of T-F mapping B over the other scenarios is that a UE obtains all the 12 OFDM symbols in a single OFDM symbol period, requiring one FFT processing per TTI. The Mapping C is very similar to that presented in [4], the only difference is that the number of OFDM symbols is 12 instead of 24.

Any time-frequency mapping can be described by the two vectors: a) The T vector containing the indexes of OFDM symbol intervals, in the range {1,12}; b) The F vector containing the indexes of the corresponding sub-bands for each OFDM symbol, in the range {1,15}. It is assumed that the OFDM symbols before T-F mapping are consecutively generated from the consecutive blocks of 47 constellation symbols each. The T-F mapping for k-th input OFDM symbol is determined by the pair of values at the k-th position in T and F. 

For example, the Mapping B can be described by 

TB=[1 1 1 1 1 1 1 1 1 1 1 1] and FB=[1 2 3 4 5 6 7 8 9 10 11 12],

while the Mapping C can be described by 

TC=[1 2 3 4 5 6 7 8 9 10 11 12] and FC=[1 5 9 13 2 6 10 14 3 7 11 15].

The diversity gain of the bit-interleaving and the time-frequency mapping of OFDM symbols depends heavily on the two-dimensional channel correlation function. The two-dimensional correlation functions for the ITU channels which are agreed on for evaluation of HSDPA [5] (PA3, PB3, VA30 and VA120) are illustrated in Fig.3. These correlation functions are defined by the formulas shown in the Appendix.
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Fig.3. Correlations of the OFDM channel attenuations for some ITU channels, parameters from [3].
The performance of time-domain bit-interleaver is limited by the interleaving depth, i.e. by the maximum allowable delay, which is 2 ms. It is especially critical on channels that change slowly with time, such as PA3 and PB3. 

For the channels where the frequency correlation drops rapidly with the subcarrier spacing, such as PB3, VA30 and VA120, an additional interleaving in the frequency domain might improve the diversity gain. The maximum frequency spacing is limited to 705 subcarriers (about 4.5MHz), which limits the effect of frequency interleaving. The effect of frequency-interleaving is also limited on channels with large coherence bandwidth, such as PA3. In the next Section we shall use the above ITU channels to evaluate several time-frequency mappings, which in some cases act as additional interleavers in the frequency domain.

3. Performances of several time-frequency mapping patterns

We assume from now on the QPSK modulation and investigate the transmission scenario (a scaled variation of the fixed reference channel set 1 in [5]) illustrated in Fig.4.
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Fig.4. Coding rate for Fixed reference Channel Set 1 (QPSK).

After the constellation mapping (960 bits onto 480 QPSK symbols), 480 QPSK symbols are mapped into 12 OFDM symbols. The OFDM symbols are mapped onto the time-frequency grid according to the three patterns shown in Fig.2. Along with these three mappings, we have also evaluated an additional mapping with randomised structure (Mapping D), given by

TD=[1 2 3 4 5 6 7 8 9 10 11 12] and FD=[1 8 6 11 7 10 4 5 13 12 2 15].

In the simulations, we assume the use of ideal channel estimates in the soft bit detection, and therefore no channel estimation errors affect the results. For the VA 30 and VA 120 channels we have simulated 1000 transmission blocks per point on a curve (2 sec.). For the PA3 and PB3 channels 4000 transmission blocks (8 sec.) were simulated for each point on a curve. A SOVA-based iterative turbo-decoder with 4 iterations was employed.
The simulation results for VA30 and VA120 are shown in Fig.5 and Fig.6. Both the coded bit-error rate (coded BER) and the frame-error rate (FER) are shown.
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Fig.5. Coded BER and FER for the 320 Kbit/s service on VA30 channel.

Recalling the correlation characteristics of the VA30 channel, note that the time correlation is strong among the 12 OFDM symbols, because the speed is only 30 km/h. The frequency correlation rapidly decreases with the subcarrier spacing. As expected, the Mappings B and C gain more diversity than Mapping A. 

In the VA120 channel, the frequency correlation is exactly the same as for the VA30 channel. However, the VA120 offers more time-diversity, which makes that Mapping C becomes better than Mapping B on this channel, although they produce roughly the same performances on VA30. The increased time-diversity on the VA120 channel makes the performances of Mappings A and B almost the same. Note that the randomised Mapping D outperforms the other mappings on VA120, providing a gain over Mapping C of about 1.5 dB at decoded BER of 0.001.
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Fig.6. Coded BER and FER for the 320 Kbit/s service VA120 channel.
Here it is important to note that as we are interested in the diversity gain, the asymptotic slopes of the curves are of primary interest, rather than the exact values of FER. The slopes of the coded BER curves are reliable indicators of the diversity captured by the system. The reliability of the exact FER values may be increased by the use of longer simulation runs (for the highest simulated SNRs here, only some tens of frames are in error).

The simulation results for PA3 and PB3 are shown in Fig.7 and Fig.8.

The PA3 hardly has any time- or frequency-diversity to offer. No matter how we choose the mapping, no diversity can be gained, and the slopes of the four mappings are the same. 
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Fig.7. Coded BER and FER for the 320 Kbit/s service on PA3 channel.

The PB3 has the same time domain correlation as the PA3, but rather rapidly decreasing frequency domain correlation, and therefore more potential frequency diversity. This potential diversity gain is captured both by Mappings B and C. The Mapping C is better than Mapping B because it has the larger frequency distances between the successive (or close in time) OFDM symbols than the Mapping B. Note that the randomised Mapping D outperforms both the Mappings B and C on Pedestrian B channel, providing a gain over Mapping C of about 1dB at decoded BER of 0.001.
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Fig.8. Coded BER and FER for the 320 Kbit/s service on PB3 channels.

The above results suggest that it is desirable to have time-frequency mapping of OFDM symbols such that every pair of OFDM symbols is separated in frequency domain as much as possible.

4. Performances of several OFDM symbol time-domain interleavers
In this section we show that the bit-interleaving cannot be separated from the time-frequency mapping. Instead, these processing blocks should be jointly designed. To illustrate this, we introduce a new processing block after mapping to OFDM symbols and before the time-frequency mapping. This block is called OFDM symbol time-domain interleaver, and is shown in Fig.9. The use of OFDM symbol time-domain interleaver is equivalent to the use of another HS-DSCH bit-interleaver. 
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Fig.9. OFDM HS-DSCH transmitter processing chain after physical channel segmentation.

The two examples of OFDM symbol interleavers are shown in Fig.10, together with the T-F Mapping C. The 1st mapping order is used in the simulations presented in the previous section. Both OFDM symbol interleavers are simulated with the same HSDPA bit-interleaver specified in [1], and same the time-frequency Mapping C.
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Fig.10. The two examples of OFDM symbol interleavers.
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Fig.11. The performance of Mapping C in the VA30 channel for 2 OFDM symbol interleavers.

The OFDM symbol interleaver can be described by a permutation Iofdm_sym of 12 consecutive OFDM symbols obtained after mapping of constellation symbols into the OFDM symbols. Thus, for the Scenario 1 the OFDM symbol interleaver is transparent, i.e. does not change the order of OFDM symbols, so it can be described by the permutation IScenario 1 given by 

IScenario 1 =[1 2 3 4 5 6 7 8 9 10 11 12].

For the Scenario 2 the OFDM symbol interleaver can be described by the permutation IScenario 2 given by

IScenario 2 =[1 4 7 10 2 5 8 11 3 6 9 12].

Fig.11 shows the FER results for these OFDM symbol interleavers on the VA30 channel. It can be seen that the performance difference of 0.7dB at decoded BER=0.001 can occur depending on the mapping order. This result illustrates that the bit-interleaver could be optimised with respect to the OFDM physical channel mapping. One way to accomplish such an optimisation and still maintain compatibility with the HS-DSCH bit-interleaver is to add an OFDM symbol interleaver.

5. Conclusions and design requirements

This contribution illustrates the importance of two aspects of an OFDM HSDPA physical layer related to diversity. First, it shows that the different mappings of OFDM symbols onto the time-frequency grid can make a difference in achieved diversity gain. Secondly, this contribution shows that the bit-interleaving could be optimized along with the time-frequency mapping of OFDM symbols in order to maximally capture the potential diversity gain of the channel. 

Based on the above, the following requirements should be obeyed in a design for OFDM to be a robust and high-performance air interface in UTRAN:

· The mapping of bits onto the time-frequency grid should produce the best diversity performance in any channel environment. It is desirable to have time-frequency mapping of OFDM symbols such that every pair of OFDM symbols is separated in frequency domain as much as possible.

· The bit-interleaver should be designed by taking into account the 2-dimensional correlation properties of the radio channel. A way to do that, and in the same time to keep compatibility with HSDPA transmitter processing chain, is to introduce and optimize an OFDM symbol interleaver.
6. Appendix: Channel Correlations

The channel delay profile 
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